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The brittle nature of the polymer based adhesive joints is the major drawback limiting the service life. In this
study, electrospun polyvinyl alcohol (PVA) nanofiber mat were introduced within the epoxy adhesive joint
region to improve mechanical performance of the joints. The epoxy resin wetted electrospun PVA nanofiber mat
were placed in between aluminum adherends and cured uncer vacuum conditions to remove air bubbles and
volatiles. The mechanical performance of the reinforced aluminum joints was investigated by utilizing single lap
joint (SLJ) and double cantilever beam (DCB). To reveal nano- and micro-scale toughening mechanics of the

nanofiber reinforcements, the fracture surfaces were analysed using scanning electronmicroscope (SEM). Mod I
fracture toughness and lap shear strength of the adhesively bonded joints were found to increase with addition of
PVA nanofiber mats into epoxy adhesive.

1. Introduction

Adhesive bonding is considered as one of the most important class
of joining which can be implemented diverse of laminar substrates such
as metallic to metallic, metallic to composites and composites to com-
posites [1]. Hence, adhesively bonded joints are particularly prefered in
the aerospace, automative and construction industries [2-6]. Over the
past decade, epoxy based adhesives getting attention of researchers due
to their low shrinkage upon high dimensional stability for high per-
formance adhesives and play a crucial role in several engineering fields
[7]. Besides the advantages of adhesion technology, the epoxy based
adhesive joints are often limited with having brittle nature towards
crack propagation [8]. Thus, failure behavior of the adhesive bonding
under static and dynamic loading conditions can also play a tremendous
role in critical load bearing structures. In addition, it is very difficult to
investigate the crack propagation of the joint damage with destructive
test methods [9].

Various strategies have been reported in literature to enhance the
mechanical performance of the epoxy adhesives [10-12]. Among these
studies, the modifiying with rubber particles is an effective approach to
improve energy absorbance capacity the epoxy adhesives. Recently,
mechanical performance of the epoxy adhesives is increased by re-
inforcing nanoparticles such as carbon nanotubes (CNTs), alumina,
TiO5 nano particles [13-15]. In the case of nanoparticle reinforcement
of epoxy adhesives, the mechanical performance is greatly governed by
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the chemical interaction between the epoxy groups and active surface
groups of the functionalized nanoparticles [16-18].

As an alternative, the introduction of tough nanofibrous reinforce-
ments between adherent laminates can be a practical way to improve
the load absorbtion capacityby toughening the matrix-rich region. The
nanofibrous reinforcements offer a large surface area to volume ratio,
flexibility, and better mechanical performance compared to bulk
polymer. Electrospinning technique affords fabrication of different
kinds of polymer nanofibers with an individual fiber diameter ranging
from nanometer to micrometer [19-23]. Various types of polymers
have been adopted to prepare nanofibers such as polyvinyl alcohol
(PVA), polyvinylpyrolidone (PVP), polyacrolanitryl (PAN), poly-
urethane (PU) etc [24-29]. Electrospun nanofiber mat have been re-
cently utilized to reinforce matrix rich regions of fiber reinforced la-
minated composites [30-34]. Specifically, the introduction of polymer
based nanofiber mat mainly contributed on fracture toughness due to
existance of additional micro-mechanic toughening mechanisms de-
pending on the nanofiber orientation.

In recent years fracture mechanics has been successfully im-
plemented to many engineering problems. The damage tolerance design
concept, essentially adopted in the aviation and space industry, was
based mainly on the well-established concept of linear elastic fracture
mechanics, and it has gradually gained ground in other engineering
fields. The most widely used adhesively bonded joint configuration to
test the resistance to Mode I cracking is the double cantilever beam
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(DCB) specimen. Many studies dealing with adhesively bonded joints
use the strain energy release rate (G), and critical values for the Mode I
fracture energy (Gic) [35,36]. From this test, both the resistance to
crack initiation and propagation can be determined and the resistance
curve (plot of Gyc vs. crack length) can be produced. The specimen is
very simple, inexpensive to fabricate and is excellent for screening
adherend surface quality. In this test the substrates, usually made from
metal, are bonded together with the adhesive and the crack is propa-
gated along the adhesive layer in opening mode by pin loading at the
beam-ends.

To the best of our knowledge, utilization of electrospun nanofiber
mat within polymer adhesive joints has not been reported before. PVA
electrospun nanofiber mat were employed to reinforce polymer resin
between two adherends. Here in, the PVA nanofiber mat were fabri-
cated via electrospin technique and following wetted with epoxy resin
to use as adhesive. The chemical characteristics of the electrospun na-
nofiber reinforced epoxy adhesives were examined by Fourier trans-
form infrared spectroscopy (FTIR). Furthermore, the adhesive strength
and toughness were examined by single lap joint (SLJ) configurations
for use with aluminum alloy 2024-T3 adherends. The effect of PVA
nanofiber mat reinforcement on the interlaminar fracture toughness of
the adhesively bonded joints was determined by double cantilaver
beam (DCB) tests. The failure mechanisms and the damage growth were
evaluated under static loading test conditions and supported with SEM
analysis.

2. Theory
2.1. Simple linear elastic analysis in single lap joint

One of the most common adhesively bonded joints in practice is
single lap joints, which are used in many applications as the simplest
and most effective analysis. In this analysis, the adhesive only under-
goes deformation in the direction of shear and the bonded materials are
regarded as rigid. Peel stresses in eccentric loads are neglected. Stress
analysis of single lap joints has been investigated by many researchers
for a long time [37-40]. As shown in Fig. 1, the shear stress (t) of the
adhesive is constant over the overlapping length () and is calculated by
the following formula.

P
T=
bt

@

where P is the applied force, b is the width of the joint.

The displacement of the adhesive from the tensile tests (with the
help of dynamic extensometer, Fig. 4b) under static loading can be
obtained as 8,. Here, the shear strain (y),

%
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where 8, is the axial displacement of the adhesive with respect to the
shear plane and t, is the thickness of the adhesive. For shear stress (t)
and shear modulus (G),
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Fig. 1. Deflection of shear element.
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Fig. 2. Schematic representation of the DCB specimen.
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where A, is the shear area of the adhesive (¢xb,) and P is the tensile
load applied to the bonded material.

2.2. Mode-I fracture toughness

Structural modeling is the use of an alternative fracture mechanics.
The success of this method is critically dependent on the actual fracture
processes occurring in the adhesive. Mode I, Mode II, and mixed mode
studies have been reviewed by many authors to characterize fracture
durability under adhesive loading conditions with adhesive [36,41].
Double Cantilever Beam tests (DCB/Mode I) is the most commonly used
method to measure the fracture toughness.

An initial region without adhesive is considered to be the pre-crack,
a, and h is the adherends thickness and t is the adhesive thickness
(Fig. 2.). During the test, the load P and displacements 8 are registered
for each crack length.

The fracture toughness values are obtained at maximum loads, be-
fore sudden crack propagation occurs and load reduction happens. If
the fracture toughness values are not obtained at crack initiation po-
sitions and other non-critical positions (arrest load positions) are also
included, fracture toughness can be underestimated [42]. As the alu-
minum adherends materials show unstable crack propagation, an in-
cremental test method for mode I fracture testing (crack initiation -
unstable crack propagation-arrest load-stable crack propagation) was
also used in aluminum materials having four different situations. Crack
initiation where the sudden crack growth starts, crack arrest where the
crack propagation is stopped after load reduction and stable crack
where a stable crack growth is observed. The fracture toughness values
are obtained at crack initiation and crack arrest positions. From ob-
tained data the Mode I interlaminar fracture toughness G;c (from load
to start crack) was calculated using the following equation.

_ 4P, (3a% + h?)

Gic =
¢ Eb’h3 6)
and G, (from arrest load) as follows,
G P2, (3a% + h?)
“ = Eb%h? ©6)

where P« and P, is the load which initiates and arrests the crack
(N), E is tensile modulus of the adherend (MPa), b is the specimen
width (mm), a is the crack length which measures from crack tip to pin
hole centers (mm) and h is the thickness of adherend (mm).

3. Experimental
3.1. Materials

PVA (molecular weight 124 000 g/mol) was purchased from Sigma
Aldrich. Sodium dodecyl sulfate (SDS) was bought from Merck.
Diglycidylether of bisphenol-A (DGEBA) based epoxy resin (EPIKOTE
Resin MGS RIMR 235), and curing agent (EPIKURE Curing Agent RIMH
235) were supplied by Momentive (USA) as adhesive material. Al 2024-
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T3 sheets supplied by Turkish Aircraft Industry (TAI) and used as ad-
herends. The mechanical properties of the Al-alloy are given as; Young
Modulus, E = 73.1 GPa, yield strength, oy 348 MPa, Ultimate
Strength,0, = 450 MPa and Poisson's Ratio,v = 0.33.

3.2. Preparation of the electrospun PVA nanofiber mat

The electrospun nanofiber mat were spinned from SDS added PVA/
water solutions. Briefly, 10 g of PVA powder (10 w/w %) was added
slowly into de-ionized water and the mixture was heated up to 70 °C.
After stirring for 3 h, 100 mL SDS/water solution (1 w/w %) by was
added to the PVA solution to reduce the surface tension during spin-
ning. The PVA soluation was loaded into syringe-capillary tube with an
orifis diameter 0.8 mm. The electrospinning process was utilized by
applying 25 kV electrical potential between the spinneret and a col-
lector under room temperature conditions. The gap between the spin-
neret and collector was fixed as 12 cm during the whole process with a
fixed feed rate of 1.2 mL/h at room temperature (Univertor 801 Syringe
Pump) while the collector was rotated with a speed of 10 m/s to pre-
pare nanofiber mat. Following, the PVA nanofiber mat were removed
from the drum and dried at 60 °C under vacuum for 1 h.

3.3. Preparation of aluminum adhesive joints

Surface treatment was applied to remove surface contaminants such
as oil, dirt and dust and to achieve a optimum surface roughness of
adhesively joint of Al sheets as shown in Fig. 3. The First, Al sheets were
cut into sizes of 101.6 X 25.4 X 2 mm according to ASTM D1002 for
lap joint. The bonding surfaces of the adherends were degreased by
dipping in NaOH solution for 15 min at 90 °C. Following, the prepared
adherends were washed with hot deionized water (50 °C) for 10 min.
After washing, the adherends were put into sulfuric acid/sodium di-
chromate bath at 65 °C for 12 min, in accordance with ASTM D2651-01.
The adherents were finally immersed into phosphoric acid anodizing
solution (PAA) at room temperature according to ASTM D3933-98. The
acid treated Al sheets were washed with deionized water and dried in
an oven at 80 °C for 30 min. The acid treated samples were kept in
desiccators for further use.

Epoxy resin system was prepared by addition of 40 wt % of the
hardener into epoxy and mixed mechanically for 10 min. The presence
of air bubbles in the epoxy system reduces the mechanical properties.
After mixing, the resin system was placed in vacuum at room tem-
perature for 10 min in order to remove the air bubbles. Epoxy resin
mixture was placed between two Al plates, and. the PVA nanofibre mat
was laid on the surface with epoxy resin of one of the adherends,
subsequently. The thickness of adhesive film between adherends was
controlled by using glass balls with about 220 *= 0.15 pm diameters.
The bonded joints were cured at room temperature for 24 h under a
curing pressure of 0.15 MPa and post cured at 80 °C for 15 h. Control
samples were prepared with the same procedure without introducing
PVA nanofiber mat.
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3.4. Single lap joints shear strength test

Shear tests were utilized according to ASTM D 1002 standard [43].
The overlap area was fixed as 25.4 x 15 * 0.2 mm (Fig. 4a). All
mechanical tests were performed with a Instron 8801 universal tensile
testing machine at room temperature with the crosshead speed of
1 mm/min. The applied load and corresponding elongation were re-
corded using Instron 2630-602 dynamic extensometer up to final frac-
ture, as shown in Fig. 4b. Five samples were tested for shear strength of
adherends.

3.5. Fracture toughness tests

Mode I fracture toughness were carried out according to ASTM D
3433-99 [44]. Specimens were prepared with the dimensions of
200 X 25.4 x 2 mm and a polytetrafluoroethylene film (non-adhesive)
was applied in between the laminates to form pre crack as shown in
Fig. 5a. Piano hinges were adhesively-bonded and tightened with three
pins onto the adherends to utilize mode I loading as represented in
Fig. 5b. Specimens were loaded with a constant cross-head speed rate of
1 mm/min by means of a universal test machine (Shimadzu Model AGS-
X10). All the test procedure were recorded with a camera from the
initial condition to the final fracture of the specimens. The video re-
cords were transferred to the computer to measure the crack opening
displacement at the load point and crack growth with delamination
using a proper computer program. From obtained data the Mode I in-
terlaminar fracture toughness initial (G;c) and arrest (G,c) was calcu-
lated using equations (5) and (6) respectively. Five samples were tested
for each set of adherends.

3.6. Measurements and characterization

Morphology of the PVA nanofiber mat and fracture surfaces of the
bonded samples after mechanical tests were visualized by a ZEISS Evo
LS 10 scanning electron microscope (SEM). Infrared data were collected
on a Bruker Vertex 70 Fourier transform infrared (FTIR) spectroscopy in
attenuated total reflectance mode using 4 scans at 2 cm ™! resolution
and between 500 cm ™! and 4000 cm™'. The glass transition tem-
perature and the specific heat capacity were measured by differential
scanning calorimetry (DSC, Perkin Elmer Instruments) purged with a
constant nitrogen flow rate of 20 mL/min. The temperature range was
set as 25-400 °C with heating rate of 20 °C/min. The surface roughness
of the fracture surfaces were measured by using Mitutoyo SJ-301 for cut
off distance of 7 mm. Wettebility of the epoxy resin with PVA nanofiber
mat was analysed with KRUSS Easy Drop type contact angle analyzer
while measuring of contact angle between PVA nanofiber mat and
epoxy on the surface of Al plate.

Fig. 3. Surface treatment of the aluminum adherend sam-
ples.

phosphoric acid anodizing
process
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4. Results and discussion
4.1. SEM analysis of PVA nanofiber mats

Morphology of the PVA electrospun nanofiber mat strongly depends
on the electrospinning parameters including applied voltage, distance
between tip and collector, concentration, surface tension of PVA and
feed-mass ratio. Fig. 6 a shows the SEM image of PVA electrospun na-
nofiber mat with several millimeters in length and about 100-200 nm
in diameters. The inset represents details of the PVA nanofiber mat
morphology of the as the fibers are smooth and contain a few large size
of beads due to the resistance of the jetto enlarging flow [45]. Fig. 6 b
shows the cross-section of PVA electrospun nanofiber mat introduced in
the epoxy adhesive region. According to the SEM measurements, the
thickness was measured about 120-150 pm.

4.2. FTIR of PVA nanofiber mats

The FTIR spectra of the cured neat epoxy adhesive and epoxy
modified with PVA nanofiber mat adhesive are presented in Fig. 7
where transmittance (in arbitrary units) is presented as the function of
wave number (cm ). The characteristic bending vibration band of the
methyl groups (-CH;) at 1384 cm ™! indicates of bisphenol-A and the
methylene (-CH,-) portions of epichlorohydrine appear at 1459 cm ™.

The epoxy has characteristic broad peak with OH group at 3000 to
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Mag= 1.00KX 3km*
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Fig. 4. Single lap joint tests a) schematic view (dimensions in mm)
and b) dynamic extensometer during loading.

Fig. 5. Mode I loaded views of double cantilever beam test specimen
a) schematic and b) crack growth during loading.
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Fig. 7. FTIR spectra of the cured neat epoxy and PVA nanofiber mat modified adhesives.

3500 cm ™. In addition, the epoxy exhibits three characteristic broad
bands in the fingerprint region at 828, 1035 and 1250 cm ™',

PVA electrospun nanofiber mat show that the characteristic broad
bands of PVA consist at 764-2850 cm ™ * for rocking of CH, bending of
CHo,, stretching of CO, bending of OH, symmetric stretching of CH, and
asymmetric stretching of CH, groups [46]. The broad band of C-C
stretching group of PVA at 1085 cm ™' adress crystallinity [47]. It is
clearly seen that the band intensity in the PVA nanofiber mat at
1085 cm ™! comparing with neat epoxy reduces significantly in the
form of a shoulder. So, we concluded from FTIR study that there was
interaction occurs between neat epoxy with PVA nanofiber mat after

Fig. 6. a) SEM image of PVA nanofiber mat and b) thickness
of PVA nanofiber mat act as nano adhesive.
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Fig. 8. (a,b,c,d,e) Wettability shapes of an epoxy droplet on
the surface of the PVA nanofiber mat on aluminum sub-
strate with respect to time, and (f) Variation of the contact
angle with time.

Contact angle (°)

modification.

4.3. Wettability of PVA nanofiber mat

Wettability studies usually involve the measurement of contact
angles as the primary data, which indicates the degree of wetting when
a solid and liquid interact [48]. Narrow contact angles (< 90°) corre-
spond to high wettability, while wide contact angles (> 90°) corre-
spond to low wettability. Surface charge, hydrophilicity and wettability
govern the performance of adhesive joints. Fig. 8 shows the contact
angle between epoxy resin and PVA nanofiber mat measured by the
droplet on the PVA nanofiber mat surface on the aluminum precursor.

A drop of epoxy was placed on the PVA nanofiber mat, the contact

angle was measured as 126° after 5 s and the contact angle rapidly
decreased to 47° within 32 s, and the slow decreasing of the contact
angle was continued and finally reached to 34.5° after130 s (Fig. 8 b).
The final contact angle is less than 90° which indicates the PVA nano-
fiber mat can be characterized as very hydrophilic and wettable by the
epoxy resin. On the basis of the work of adhesion between a solid
surface (PVA nanofiber mat) and liquid (Epoxy resin) can be given as
[49,501.
Wy = Yi(1 + cos 6) @)
where Y is the surface energy of the epoxy resin which is 46.2 mJ/m>
[50], @ is the contact angle between solid and liquid which is 34.5° for
this study. According to equation (7), the work of adhesion between the
PVA electrospun nanofiber mat and the epoxy resin was calculated as
84.27 mJ/m>. On the basis of this result, we conclude that PVA nano-
fiber mat and the epoxy are well adheres to each other.

260

Time (s)

4.4. Adhesive strength of single lap joints

In order to evaluate the adhesive strength of the adhesively bonded
2024-T3 Al plates, two sets of adhesives were prepared and tested such
as (a) neat epoxy and (b) PVA nanofiber mat reinforced epoxy. The
variation of shear stress-shear strain diagram of each group of adhesive
single lap joints has been shown in Fig. 9.

Both of the neat epoxy and PVA nanofiber mat reinforced epoxy
samples represent a linear elastic behavior until failure. The average
shear strength of neat samples is calculated to be 20.81 + 1.00 MPa
and shear strain of 11.57 = 2.00 mm/mm, while the PVA nanofiber
mat reinforced epoxy adhesive exhibits higher performance since the

30
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Fig. 9. Variation in shear stresses as a function of shear strains for neat epoxy adhesive
and epoxy modified with PVA nanofiber mat adhesive.
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Fig. 10. Fracture surfaces of single lap joints (a) epoxy, (b) epoxy with PVA nanofiber
mats.

shear strength is increased by 13.50% strength. Clearly, almost no ob-
vious change in the shear strain values was observed with the in-
troduction of PVA nanofiber mat. It is concluded that the epoxy resin
system containing PVA mat exhibits a dramatic increase in adhesive
strength of lap jointed with Al adherends.

The PVA nanofiber mat reinforced epoxy adhesives also exhibit
improved shear modulus. It is calculated that the shear modulus is in-
creased by about 29% compared to the neat epoxy adhesive. It is ap-
parent that the resulting structure is a good candidate for decreasing the
brittleness of the epoxy adhesive (Fig. 10).

Fig. 11 shows SEM images of the neat epoxy and epoxy with PVA
nanofiber mats adhesives from the fractured surfaces of the single lap
joint tension tests. As shown in Fig. 11 a, the neat epoxy adhesive
displayed a smooth and featureless surface, typical of brittle fracture of
homogenous thermoset polymers. Fig. 11 b shows the dispersion of PVA
nanofiber mat in epoxy adhesive with well imregnation. Moreover, the
inclined failure mode is observed with cohesive adhesive for neat epoxy
adhesive in Fig. 11 a. The epoxy adhesive containing PVA electrospun
nanofiber mat reveals a significant increase in strength and stiffness,
due to resistance of fracture. Additionally the PVA nanofiber mat resists
the formation of crack path. The epoxy adhesive modified by PVA
nanfiber mat reduces the crack initiation and propagation by bridging
or crack arresting. The fiber bridging shown in Fig. 11 b is in good
agreement with the bridging mechanisms were prior explained for en-
hancing the fracture toughness in various researches [51,52] as epoxy
modified with carbon nanotubes.

4.5. DCB fracture tests of adhesive systems

4.5.1. Mode I interlaminar fracture toughness investigations
Fig. 12 a shows typical mode-I load versus load point displacement
curves for DCB specimens of the neat epoxy and the epoxy with PVA
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nanofiber mat reinforced epoxy adhesive systems. For both type of
specimens the load increases until the crack initiation process is com-
pleted and then the crack starts to propagate. It is revealed that the
types of crack propagations are unstable followed by stable growth with
the distinct sudden dropped load versus displacement curves.

The initial responses of the neat epoxy and the epoxy with PVA fiber
mat adhesive samples exhibit almost linear behavior. All samples re-
present stick-slip crack growth since; there exist an air gaps in the
adhesive, non uniform adhesive materials along the jointed area and
partly weak bonds between adhesive and adherend. The maximum
peak loads of the load-load point displacement curves are related with
the onset of the crack growth. The lower values of the loads represent
the barrier of the unstable crack growth.

For the DCB specimens of PVA nanofiber mat reinforced epoxy
adhesive system, the length of the unstable crack growth was much
greater than neat epoxy adhesive since the higher pick loads for crack
propagation were achieved.

As it is seen from Fig. 12 a, the load versus load point displacement
curves for both of the samples show sharp and suddenly drops in loads
with unstable crack growth while increasing load point displacement.

The numer of sudden drops and corresponding unstable crack
growth of epoxy with PVA nanofiber mats adhesive system are greater
than those of neat epoxy adhesive. This indicates that the PVA elec-
trospun nanofiber mats improve the interface bonding of the adhesive
joint of aluminum adherends. In Fig. 12 b the load is seen to decrease
with rapid increasing crack length from the maximum level of the loads
for both adhesive systems. But it is clear from this diagram that loads
are increasing to a certain level with a slow increasing crack length
during arrest phases. This step changing of the loads commonly referred
to as stick-slip growth. The results show a reduction on the fracture
toughness propagation value when a crack initiation - unstable crack
propagation-arrest load-stable crack propagation is applied. In Fig. 12
a, when the load point displacement Pmax decreases vertically to the
load Pmin, in Fig. 12 b, the crack growth in observed as the unstable
crack progression hypotenuse curve with sudden energy release. Thus,
the crack growth is approximately 3 times the load point displacement.

According to the curves of adhesive systems in Fig. 13 two critical
strain energy release rates were calculated using equation (1). One of
them is denoted with crack initiation (i.e. maximum loading level) G;c
and the second associated with crack arrest G,c. The critical strain
energy release rate results of the both adhesive systems associated with
crack initiation and crack arrest are shown in Fig. 13 a and b.

The maximum mode I fracture energy, Gic, of the neat epoxy ad-
hesive for crack initiation case was calculated to be 396 J/m? at the
final peak of the load, while the average fracture energy found to be
252 J/m? as would be expected for a linear brittle epoxy. The maximum
fracture energy of the neat epoxy adhesive for crack arrest case was
203 J/m? (Fig. 13 b).

In epoxy with PVA nanfiber mats adhesive system, the maximum
fracture energy was calculated to be 560 J/m? for crack initiation case
at the third peak of the load. The average mode I fracture energy for the

Fig. 11. SEM images of adhesives: (a) neat epoxy and (b)
epoxy with PVA nanofiber mats.
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Fig. 14. Fracture surface of a DCB test specimen for epoxy with PVA nanofiber mats
adhesive system.

same adhesive system was obtained to be 497 J/m?. For the crack arrest
case the maximum fracture energy was found to be 380 J/m? at the
final stage of the crack arrest. One can observed from Fig. 13 a that the
average critical strain energy of the epoxy with PVA nanofiber mats
adhesive system is 97% higher than that of the critical strain energy of
neat epoxy adhesive. Addition of PVA nanofiber mats in the epoxy
improves the fracture toughness of the epoxy adhesive The similar
improvements have been reported for CNT/epoxy nano adhesives and
were suggested to be due to lack of free space available for distribution
of the CNTs in the epoxy [53-55].

A typical fracture surface for the sample of the epoxy with PVA
nanofiber mats adhesive system has been shown in Fig. 14. The ragions
of crack initiation (stable crack extensions) and crack arrest (unstable
fractures) can be seen as obvious stick-slip lines on the fracture surface
of the specimen. The unstable crack extension regions are visible as
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Fig. 12. (a)Typical load versus load point displacement
curves and (b) The load-crack length plot for neat epoxy
adhesive and epoxy with PVA nanofiber mats adhesive
systems for DCB fracture tests.

b)

80 100 120

Crack growth (Aa=mm)

Fig. 13. The comparison of critical strain energy release
rates for (a) crack initiation and (b) crack arrest for neat
epoxy and epoxy with PVA nanofiber mats systems.

80 100 120

darker areas than stable crack propagated ragions and show a very
brittle fracture mechanism occurred.

When the applied load growing up to 65.04 kN the first stable crack
extension occurres around 8 mm. Then after the first unstable crack
extension happens about 20 mm with sudden dropping the applied load
to the 34.22 kN. Three more similar crack extensions repeated with
different amount of propagations up to joint broken with final fast
fracture.

During stable and unstable crack extension the crack propagates
through adhesive, unlike among the surface of the aluminum adherend
and epoxy with PVA nanofiber mats adhesives.

4.5.2. SEM anaylsis of DCB tests

Figs. 15 and 16 show the SEM images of the fracture surface of the
neat epoxy adhesive and epoxy with the PVA nanofiber mats adhesive
system from a constant displacement rate of DCB tests at room tem-
perature. SEM micrographs of the fracture surfaces of the adhesively
joint with neat epoxy shown in Fig. 15 depict smooth fracture surfaces
in different planes. This is an obvious brittle fracture for neat epoxy
adhesives and it requires relatively small amount of energy for crack
propagation.

A SEM image of one such local spot is shown in Fig. 16 a for the
fracture surface of the epoxy with PVA nanofiber mats adhesive sample.
The crack propagation path seems to either go through inside the PVA
nanofiber mats or between the adhesive and Al adherend. Besidesan
obvious nanofiber matrix debonding is seen on the fracture surface of
the nano adhesive samples (Fig. 16 b). These tendencies are qualita-
tively indicative of the nanofiber mats forming some sort of an arrest to

Fig. 15. SEM images of the crack initiation region of the

fracture surfaces for the neat epoxy adhesive from DCB test
a) 100 X and b) 500 x.

Brittle fracture

=

0K 20 pm
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Fig. 16. SEM images of the crack initiation region of the
fracture surfaces for the epoxy with PVA nanofiber mats
adhesive from DCB test, a) 100 x, b) 1000 X and c¢) 5000
x and d) 10 000 x.
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the propagation of the crack. A significant number of debonding
grooves are seen in Fig. 15 b and are indicative of resisting to crack
growth of the epoxy with PVA nanofiber mats adhesive in the process
zone, which leads to increase in the fracture energy, compared to the
neat epoxy adhesive. A triaxial strees field consist in the ahead of the
crack tip (Fig. 16 a), therefore the PVA nanofiber mats debond from the
epoxy as the local stresses rise at the crack tip. The debonding of PVA
nanofiber mats, the formation of cavitie sand crack branching in the
epoxy cause the polymer to deform plastically. For the epoxies tough-
ened with rubber, nanosilica and carbon nanofibers, the plastic void
formation mechanism was shown to highly increase the fracture
toughness of the epoxy [56,57]. Therefore the addition of PVA nano-
fiber mats in the epoxy increases in the fracture energy of the epoxy
adhesive system and participates the toughening mechanisms. The
fracture energy dissipation can be considered with the combination of
interfacial de bonding of the PVA nanofiber mats, cavity formation in
the epoxy and the triaxial stress region behind the crack tip and crack
branching in the epoxy.

A cohesive failure of the epoxy with PVA nanofiber mats adhesive
can be seen in the SEM image in Fig. 16 ¢, complete with evidence of
the PVA nanofiber mats in the cavities formation. On the other hand
some voids are seen in the SEM images due to insufficient wetting of the
PVA nanofiber mats with epoxy during bonding. The SEM observations
propose a need to control the bonding process by means of a quanti-
tative understanding of the PVA nanofiber mats dispersion in epoxy.

Therefore the addition of PVA nanofiber mats in the epoxy increases
in the fracture energy of the epoxy adhesive system and participates the
toughening mechanisms. The fracture energy dissipation can be con-
sidered with the combination of interfacial debonding of the PVA na-
nofiber mats, cavity formation in the epoxy and the triaxial stress re-
gion behind the crack tip and crack branching in the epoxy. The
toughening mechanisms of the modified epoxy adhesive system with
PVA nanofiber mats can be stated as the interfacial debonding of the
PVA nanofiber mats generated from the epoxy resin, the energy re-
quired to pull-out the PVA nanofiber mats from the epoxy, cavity
growth in the epoxy and rupturing of PVA nanofiber mats in the epoxy.
The similar toughening mechanisms were explained in Ref. [58].
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5. Conclusion

Adhesive strength and fracture toughness of the lap joint and DCB
bonded with epoxy adhesive modified by the addition of PVA electro-
spun nanofiber mats were investigated. The PVA electrospun nanofiber
mats were wetted with liquid epoxy by roll mill before applying ad-
hesively joint. Then the electrospun nanofiber mats developed the ad-
hesion capability and resistance to fracture of the epoxy adhesive. The
addition of PVA nanofiber mats into the epoxy adhesive, the shear
strength increased about 13.50% but the shear strain almost the same
when compared with neat epoxy. It is concluded that the epoxy resin
system containing PVA nanofiber mats exhibits a significant increase in
adhesive strength of lap jointed with Al adherends.

The wettability of PVA nanofiber mats with epoxy showed very
hydrophilic property that the adhesion work was 84.27 mJ/m? with the
contact angle of 34.5°. The wetting behavior of PVA nanfiber mat with
epoxy adhesive was offered as one of the key factor for the improved
adhesion strength.

It was also seen that the epoxy adhesive reinforced with electrospun
nanofibers decreased the speed of crack growth in the DCB joints. The
fructure toughness of the DCB joint was found to very effective addition
of PVA electrospun nanofiber mats in epoxy. The laying of PVA nano-
fiber mats in the epoxy adhesive led to increase the average fracture
toughness Gyc from 252 J/m? to 497 J/m? compared to neat epoxy
adhesive.
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